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a b s t r a c t
The family Marseilleviridae encompasses giant viruses that replicate in free-living Acanthamoeba
amoebae. Since the discovery of the founding member Marseillevirus in 2007, 7 new marseilleviruses
have been observed, including 3 from environmental freshwater, one from a dipteran, and two from
symptom-free humans. Marseilleviruses have E250-nm-large icosahedral capsids and 346–386-kb-long
mosaic genomes that encode 444–497 predicted proteins. They share a small set of core genes with
Mimivirus and other large and giant DNA viruses that compose a monophyletic group, ﬁrst described in
2001. Comparative genomics analyses indicate that the family Marseilleviridae currently includes three
lineages and a pan-genome composed of E600 genes. Antibodies against marseilleviruses and viral DNA
have been observed in a signiﬁcant proportion of asymptomatic individuals and in the blood and lymph
nodes of a child with adenitis; these observations suggest that these giant viruses may be blood borne and
question if they may be pathogenic in humans.
& 2014 Elsevier Inc. All rights reserved.
Contents
Introduction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
Discovery and morphological features of marseilleviruses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
Replicative cycle of marseilleviruses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
Classiﬁcation of marseilleviruses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
Genomics of the family Marseilleviridae. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
Marseilleviruses in humans . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Introduction
Giant viruses were ﬁrst described in amoebae a decade ago,
when Acanthamoeaba polyphaga mimivirus was identiﬁed in a
cooling-tower water sample from England (La Scola et al., 2003;
Raoult et al., 2007). This observation revolutionized the scientiﬁc
perspective on viruses and their diversity and has generated
considerable interest and debate in the ﬁeld of evolutionary
biology (Raoult et al., 2004; Moreira and López-García, 2009;
Raoult and Forterre, 2008; Forterre, 2010; Boyer et al., 2010b;
Raoult, 2013). Mimivirus was the largest known virus for a decade;
this virus was isolated by co-culturing with Acanthamoeba spp., a
culture strategy initially used to isolate legionella-like pathogens
(Barker and Brown, 1994; Horn and Wagner, 2004; Raoult and
Boyer, 2010; Rodriguez-Zaragoza, 1994). Mimivirus was the foun-
der of a new viral family Mimiviridae; dozens of members of this
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family were subsequently isolated, mostly from water or soil and
recently from pneumonia patients (Saadi et al., 2013b; La Scola
et al., 2008; Fischer et al., 2010; Arslan et al., 2011; Yoosuf et al.,
2012; Pagnier et al., 2013; Saadi et al., 2013a).
In 2007, a giant virus whose particle and genome sizes were
approximately 2–3 times smaller than Mimivirus was isolated by
culturing on Acanthamoeba castellanii (Boyer et al., 2009). This
virus was named Marseillevirus and founded a new viral family
ofﬁcially recognized by the International Committee on Taxonomy
of Viruses (ICTV) in 2013 (http://www.ictvonline.org/taxonomy
History.asp?taxnode_id=20133581&taxa_name=Marseilleviridae)
(Colson et al., 2013d). Over the past ﬁve years, the family
Marseilleviridae has expanded, although it contains less members
than the family Mimiviridae (Thomas et al., 2011; La Scola et al.,
2010; Pagnier et al., 2013; Aherﬁ et al., 2013; Boughalmi et al.,
2013b, 2013a; Popgeorgiev et al., 2013a; Lagier et al., 2012; Yutin
et al., 2013). Four close relatives of Marseillevirus were isolated
fromwater samples in France and Tunisia, one was isolated from a
dipteran, and two were isolated from human stools and blood.
These giant viruses have similar features compared to mimiviruses
but differ in the size and morphology of the virions, their
gene repertoire and replicative cycle. Recently, three new giant
viruses of amoeba were described, including Pandoravirus
salinus and Pandoravirus dulcis (Philippe et al., 2013), which
became the largest known viruses, and Pithovirus sibericum
(Legendre et al., 2014), which is related to marseilleviruses. Here,
we review the discovery and features of marseilleviruses, includ-
ing their similarities and differences with other amoebal giant
viruses.
Discovery and morphological features of marseilleviruses
Marseillevirus was isolated in 2007 from the water of a cooling
tower in Paris by co-culturing on A. polyphaga (Boyer et al., 2009)
(Table 1; Fig. 1). Marseillevirus has a capsid of approximately
250 nm in diameter (Table 2). Cryo-electron microscopy revealed
an E10-nm-thick capsid shell with a roughly icosahedral shape,
surrounded by 12-nm-long ﬁbers with globular ends. The nucleo-
capsid is present E5 nm below the capsid shell, potentially
enclosed by a membrane. Lausannevirus, the second known
member of the family Marseilleviridae, was described in 2011 by
analysis of A. castellanii co-culture of a water sample collected in
2005 in the Seine river near Paris, at the inlet of a drinking water
plant (Table 1; Fig. 1) (Thomas et al., 2011). Lausannevirus particles
were initially observed as Gimenez-positive cocci; these viruses
have an icosahedral shape, a diameter of 190–220 nm and are
devoid of ﬁbrils or tails. The Cannes8 virus was isolated fromwater
in a cooling tower in Cannes, southeastern France (Aherﬁ et al.,
2013). Tunisvirus and Fontaine Saint-Charles virus were isolated
from freshwater collected in decorative fountains in Ariana, a
suburb of Tunis, Tunisia, and Marseille, France, respectively (Aherﬁ
et al., 2014; Pagnier et al., 2013). The morphological characteristics
of these viruses were similar to those of previously described
marseilleviruses.
The Insectomime virus was isolated from the internal organs
and digestive tract of a larva of a dipteran, Eristalis tenax, a
pollinator commonly known as the drone ﬂy (Table 1; Fig. 1)
(Boughalmi et al., 2013a). This larva was one of 86 larvae collected
from two reservoirs of stagnant water in the center of Tunis,
Tunisia. The larval surface was decontaminated with 96% ethanol
and then washed with sterile Page's amoebal saline buffer. The
Insectomime virus was isolated using a high-throughput culture
procedure with monolayers of A. polyphaga in 12-well microplates
(Boughalmi et al., 2013a). The internal organs and digestive tract
were harvested under sterile conditions from the larva and
wrapped in parafﬁn; these samples were positive for viral culture,
whereas culture and PCR testing of the larval surface and washing
solution were negative (Boughalmi et al., 2013a). The Insectomime
virus was the ﬁrst amoebal giant virus isolated from an insect. Its
morphology and the diameter of the viral particle (225 nm)
suggested that it was a Marseillevirus, which was further con-
ﬁrmed by genomic analysis. Insect larvae and Acanthamoeba spp.
share the ecological niche of stagnant water, and the Insectomime
virus may have entered the insect larva by direct ingestion or
through ingestion of an infected amoeba. Both amoebae and
viruses were previously described in insects (Otta et al., 2012;
Muli et al., 2014; Evans and Schwarz, 2011; Li et al., 2014).
Senegalvirus was serendipitously discovered during metage-
nomic analysis of the bacterial diversity in the human gut
microbiota from a lean, healthy African individual (Table 1;
Fig. 1) (Lagier et al., 2012). This study included ultra-deep
Table 1
Source of marseilleviruses and their main genomic features.
Reference Virus name Source Country Collection
year
Description
year
Genome
sequencing
technology
Genome size
(kilobase pairs)
GþC
content
(%)
GenBank
accession no.
Number
of genes
454
Roche
SOLiD
(Boyer et al., 2009) Marseillevirus Water,
cooling
tower
France
(Paris)
2007 2009 þ 368 45 GU071086 457
(Thomas et al., 2011) Lausannevirus River water
(Seine)
France 2005 2011 þ 346 43 NC 015326 444
(Aherﬁ et al., 2013) Cannes8 virus Water,
cooling
tower
France
(Cannes)
2008 2013 þ þ 374 45 KF261120 483
(La Scola et al., 2010) Fontaine Saint-
Charles virus
Water,
fountain
France
(Marseille)
2008 – þ þ – 45 – 473
(Boughalmi et al., 2013b;
Aherﬁ et al., 2014)
Tunisvirus Water,
fountain
Tunisia
(Ariana)
2012 2014 þ 382 43 KF483846 484
(Boughalmi et al., 2013a) Insectomime
virus
Insect Tunisia 2012 2013 þ 386 43 KF527888.1 477
(Lagier et al., 2012b;
Coleson et al., 2013b)
Senegalvirus Stool Senegal
(N'Diop)
2012 2012 þ 372 45 JF909596-
JF909601
497
(Popgeorgiev et al.,
2013b)
Giant blood
Marseillevirus
Human
blood
France
(Marseille)
2013 2013 þ 357 – – –
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pyrosequencing of the 16S rDNA recovered from a stool sample,
but a new procedure was concurrently used that generated many
sequence reads unrelated to 16S rDNA. These reads were initially
put into the “trash”, but were subsequently reevaluated and
observed to match with the Marseillevirus genome. The stool
sample, which was collected in 2012 in N'Diop, a rural village in
Senegal, from a 20-year-old symptom-free Senegalese man, was
subsequently inoculated on Acanthamoeba spp. A stained
Gimenez-positive rapidly growing entity was observed, which
caused amoebal lysis within 24 h; electron microscopic analysis
revealed the presence of a Marseillevirus-like giant virus, named
Senegalvirus, which became the ﬁrst amoeba-associated giant
virus isolated from a human. Giant blood Marseillevirus was
detected by metagenomic analysis of virus-enriched human blood
fractions collected from 10 healthy blood donors in 2010 in
Marseille, France (Popgeorgiev et al., 2013a) (Table 1; Fig. 1). A
total of 2.5% of the 20,238 metagenomic reads obtained from
human blood matched with the Marseillevirus genome, and
mapping of these reads to the Marseillevirus genome generated
two contigs of 13 and 10 kilobase pairs that showed little genetic
divergence with the reference sequence. This observation was
conﬁrmed by conventional PCR analysis, which identiﬁed the
Marseillevirus-like positive blood donor serum sample. The
viral fraction from this serum was subsequently enriched and
Fig. 1. Epidemiological features of marseilleviruses and negative staining or transmission electron microscopy images of the virions. Scale bars in electron microscopy
images indicate 100 nm.
Table 2
Main features of the family Marseilleviridae members.
Host Acanthamoeba polyphaga, A. castellanii; Jurkat T cells (only observed once for giant blood Marseillevirus)
Viral factories Yes (more diffuse localization in the amoebal cytoplasm compared to mimiviruses)
Duration of replicative cycle 16–24 h
Capsid shell diameter (nm) 190–250
Genome
Type Circular/linear double-stranded DNA
Size (base pairs) 346–386
Gene repertoire
Size 444–497
Core genome E233
Pan-genome E605
Most abundant protein families MORN-repeat containing proteins, serine/threonine kinases
Speciﬁc genes of particular interest Histone-like proteins
ORFans ETwo thirds of the gene content, a large majority being family ORFansn
n ORFs with no detectable homolog outside the family Marseilleviridae.
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sequenced using the SOLiD next-generation sequencing platform,
which generated more than 100,000 reads that were mapped on
the Marseillevirus genome, and assembled into a 357,433-bp
consensus sequence. This virus showed a high level of identity
with Marseillevirus and was named giant blood Marseillevirus.
This giant virus could replicate once in human T lymphocytes, and
electron microscopic analysis revealed the presence of the virus in
the cytosol of these cells, but was subsequently lost.
Replicative cycle of marseilleviruses
Replication, expression and virion morphogenesis of Marseille-
virus occurs in viral factories, which were observed for other large
and giant DNA viral replicative cycles (Fig. 2; Table 2) (Novoa et al.,
2005; De Castro et al., 2013). In co-culture with A. castellanii,
diffuse Marseillevirus factories were observed close to the amoebal
nucleus, and assembly of the capsid and encapsidation of DNA
appeared to occur simultaneously, as suggested by the formation of
mature and immature viral particles (Boyer et al., 2009). The
replicative cycle was completed within 16–24 h. Signiﬁcant altera-
tions in amoebal nuclear morphology were observed within 30 min
post-infection, with E80% of infected amoebal nuclei lacking their
usual ring-like morphology. Notably, studies revealed the possible
co-occurrence of marseilleviral factories with Parachlamydia and
Legionella drancourtii in an amoebal cytoplasm (Boyer et al., 2009).
This observation illustrates the sympatric lifestyle of giant viruses
and bacteria in their amoebal hosts, which may promote the
exchange of genetic material between members of this biological
niche, resulting in mosaic gene contents and the large genomic size
of these intracellular organisms (Raoult and Boyer, 2010; Greub and
Raoult, 2004).
In amoebal co-culture, Lausannevirus also replicates in viral
factories. Lausannevirus particles were observed within 30 min
post-infection in the amoebal cytoplasm. Subsequently, following
an eclipse phase, an increasing number of viral particles were
observed in large vacuoles between 4 h and 8 h post-infection, and
the replicative cycle ended by amoebal lysis 16 h post-infection
(Thomas et al., 2011). Lausannevirus multiplication was not
observed upon infection of amoebal species other than A. castella-
nii, including Hartmannella vermiformis, Dictyostelium discoideum,
Naegleria spp., and Acanthamoeba lenticulata. Furthermore, Lau-
sannevirus did not replicate in various human cells (peripheral
blood macrophages, VERO, HEL, HEp-2, and A549 cells) and animal
cells (BGM, BT, MA-104, MDCK, MBDK, A-72, EBL, Bu, Mv1-Lu cells,
and an Aedes albopictus cell line). Cannes8 virus, Tunisvirus,
Fontaine Saint-Charles virus, Senegalvirus and Insectomime virus
displayed similar characteristics compared to Marseillevirus and
Lausannevirus regarding their replication cycle, including replica-
tion in the same hosts and the presence of viral factories (Aherﬁ
et al., 2013; Boughalmi et al., 2013a; Lagier et al., 2012; Boughalmi
et al., 2013b; Pagnier et al., 2013).
Giant blood Marseillevirus was isolated from the culture super-
natant of Jurkat cells, an immortalized line of human T lympho-
cytes; the virus was isolated at day 21 after inoculation of these
cells for 2 days with a puriﬁed viral suspension diluted 1:10 in cell
medium (Popgeorgiev et al., 2013a). The giant blood Marseillevirus
was detected by PCR analysis of the supernatant recovered at day
14 post-infection even after ultracentrifugation and DNase treat-
ment of the supernatant. Furthermore, using ﬂuorescence in situ
hybridization and transmission electron microscopy analyses, the
virus was detected in the cytoplasm of Jurkat cell inclusions at 21
days post-infection. With the exception of giant blood Marseille-
virus, marseilleviruses have the same host as mimiviruses,
Acanthamoeba spp., and replicate in the amoebal cytoplasm in
viral factories, similar to mimiviruses and other Megavirales
members (Aherﬁ et al., 2013; Boughalmi et al., 2013a; Lagier
et al., 2012; Boughalmi et al., 2013b; Pagnier et al., 2013). These
viral factories appear more diffuse in the amoebal cytoplasm for
marseilleviruses compared to mimiviruses. It is unclear whether
the replication cycle is only localized in the cytoplasm, similar to
mimiviruses and poxviruses (Mutsaﬁ et al., 2010) or whether it
occurs in both the amoebal cytoplasm and nucleus. In addition, the
proportion of lysed amoeba is lower with marseilleviruses com-
pared to mimiviruses. Although marseilleviruses were initially
considered to have a narrow host spectrum, recent studies have
observed replication of giant blood Marseillevirus in Jurkat cells,
indicating a wider host spectrum. In addition, the culture of
marseilleviruses in our laboratory has been optimized by the use
of an initial high-throughput step that enables the detection of
amoebal lysis on agar plates (Boughalmi et al., 2013b; Pagnier
et al., 2013).
In 2008, virophages were discovered in association with Mama-
virus by co-culture on A. castellanii (La Scola et al., 2008); virophages
had not been observed with marseilleviruses. Virophages can infect
mimiviruses that infect Acanthamoeba spp. and distantly related
mimiviruses, including Cafeteria roenbergensis virus that infects a
marine heterotrophic nanoﬂagellate (Fischer and Suttle, 2011) and
organic lake phycodnaviruses (Yau et al., 2011) recently reclassiﬁed as
mimiviruses (Yutin et al., 2013). It is unclear why virophages infect
mimiviruses but not marseilleviruses. Virophages of amoeba-
associated mimiviruses were initially isolated from mimiviruses of
lineage A (Mamavirus), but could replicate in the presence of
mimiviruses of lineages B and C (Desnues et al., 2012; Gaia et al.,
2013). A new virophage called Zamilon was isolated from co-infection
with a lineage C Mimivirus and could replicate in the presence of
lineage C and lineage B mimiviruses but not of lineage A mimiviruses
(Gaia et al., 2014). In addition, Marseillevirus genomes were not
associated with transpovirons, components of the mobilome of giant
viruses (Desnues et al., 2012).
Fig. 2. Electron microscopy images of different stages of the Marseillevirus replicative cycle. Entry of Marseillevirus particles at the start of the replicative cycle (a); viral
factories 6 h post-infection (b); and the presence of multiple Marseillevirus particles in a vacuole 16 h post-infection (c). Scale bars in electron microscopy images indicate
1 (a) or 2 mm (b, c).
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Classiﬁcation of marseilleviruses
Since the discovery of Marseillevirus, the family Marseillevir-
idae was linked to families of other large and giant DNA viruses,
which were ﬁrst described in 2001 to compose the group of the
nucleocytoplasmic large DNA viruses (NCLDVs) (Fig. 3) (Iyer et al.,
2001). This group is one of the ﬁve major monophyletic classes of
viruses and selﬁsh genetic elements, and was deﬁned based on a
Fig. 3. Phylogenetic reconstruction based on DNA-dependent RNA polymerase subunit 1 in Megavirales members. Maximum-likelihood phylogenetic reconstruction was
performed using FastTree (Price et al., 2010). The percentage of trees in which the associated taxa clustered together is indicated next to the branches at major nodes. The
scale bar represents the number of estimated changes per position for a unit of branch length.
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few essential core genes present in most or all its members, and
initially included members of the families Asfarviridae, Ascoviridae,
Iridoviridae, Poxviridae and Phycodnaviridae (Koonin et al., 2006).
It was recently proposed that these viral families and the two
families of giant viruses infecting amoeba, namelyMimiviridae and
Marseilleviridae, should be reclassiﬁed in a new viral order, the
Megavirales (Colson et al., 2013a). These viruses have similarities in
virion architecture and major biological characteristics including
viral reproduction within cytoplasmic factories as well as a
common origin, which was inferred from phylogenetic and phy-
letic analyses that revealed the existence of a set of ancestral genes
responsible for key viral functions in genome replication and
expression as well as virion morphogenesis and structure (Yutin
et al., 2009; Colson et al., 2013a). Approximately 50 conserved core
genes were most likely present in the genome of the common
ancestor of the Megavirales members, which distinguish the
Megavirales from other viral groups; furthermore, these analyses
revealed 177 clusters of orthologous groups of genes (COGs), the
NCVOGs, which are present in at least 2 viral families (Yutin et al.,
2009). Phylogenetic analyses based on the most conserved genes
shared by members of the Megavirales and a consensus phyloge-
netic tree of 10 trees based on conserved genes showed that
marseilleviruses clustered with iridoviruses and ascoviruses, and a
maximum-likelihood reconstruction predicted a set of 85 con-
served genes assigned to the putative ancestor of these three viral
families (Yutin et al., 2009; Yutin and Koonin, 2012).
Genomics of the family Marseilleviridae
The Marseillevirus genome comprises a double-stranded DNA
molecule of 368,454 base pairs, with a GþC content of 44.7%, and
was predicted to encode 457 proteins, ranging from 50 to 1537
amino acids in length (Table 1). Homologs or conserved domains
were identiﬁed for 41% of the predicted genes, and about one third
of the genes had signiﬁcant hits in the Global Ocean Sampling
(GOS) database. The Marseillevirus genome includes 88 of the 177
NCVOGs observed in at least 2 Megavirales families, 29 of the 47
conserved genes that were most likely present in the genome of
the common ancestor of the megaviruses, and all 5 genes that are
present in all these viruses (Yutin et al., 2009; Yutin and Koonin,
2013). The genomes of the marseilleviruses share similar features
including a double-stranded DNA, similar size ranging from 346
to 386 kilobase pairs, and a GþC% ranging from 43% to 45%
(Tables 1 and 2). These viruses have circular genomes; however,
the Lausannevirus genome was described to be circularized or
linear with terminal repeats (Thomas et al., 2011). The Marseille-
virus genomes are predicted to encode 455–486 proteins, which
represents a high coding capacity (approximately 90%), as observed
for other Megavirales members. The Marseillevirus genomes are
collinear along the majority of their length, and these viruses share
a considerable number of orthologous proteins (Aherﬁ et al., 2014).
The genomes of marseilleviruses contain signiﬁcant numbers of
paralogous genes (Boyer et al., 2009; Aherﬁ et al., 2013, 2014).
A total of 28 families of proteins were identiﬁed in Marseillevirus.
The largest family includes proteins containing bacterial-like mem-
brane occupation and recognition nexus (MORN) repeat domains,
which promote membrane–membrane or membrane–cytoskeleton
interactions (Gubbels et al., 2006; Boyer et al., 2009) (Table 2). Other
protein families in the Marseillevirus genome include host signaling
proteins such as serine and/or threonine protein kinases (15 overall)
and ubiquitin-system proteins. Additional notable proteins included
three homologs of histone-like proteins (Table 2), which might be
involved in viral DNA condensation prior to packaging, and 10
bacteriophage HNH endonucleases or restriction-like endonu-
cleases. Congruently, several families of proteins were subsequently
described in the other marseilleviruses, including signiﬁcant num-
bers of MORN repeat-containing proteins, serine/threonine protein
kinases, F-box containing proteins and restriction endonucleases.
An important feature of marseilleviral genomes is the signiﬁ-
cant level of mosaicism; there is some evidence that lateral
sequence transfers may have occurred frequently between these
viruses and bacteria or eukarya, including their amoebal host
(Boyer et al., 2009; Raoult and Boyer, 2010). Based on phylogenetic
analyses, 11%, 11% and 19% of the Marseillevirus gene content likely
originated from large or giant viruses, bacteria or phages, and
eukaryotes, respectively. Similar patterns of mosaicism were
observed in other marseilleviral genomes (Thomas et al., 2011;
Aherﬁ et al., 2013, 2014). Among the 85 Marseillevirus ORFs of
putative eukaryotic origin as inferred by phylogeny, 25 originated
from Acanthamoeba, and in 22 cases, Mimivirus, Marseillevirus
and Acanthamoeba genes were clustered together (Boyer et al.,
2009). In addition, comparison of the gene repertoires of the
Megavirales members using neighbor-joining clustering grouped
Marseillevirus with Mimiviruses. The high level of genome mosai-
cism in these giant viruses has been linked to their “sympatric”
lifestyle in amoebae (Raoult and Boyer, 2010). Acanthamoeba spp.
are free-living ubiquitous amoebae that ingest any particle 40.5 mm
and graze on multiple microorganisms including bacteria, yeasts,
fungi, viruses and algae; thus engulﬁng large amounts of foreign DNA
(Rodriguez-Zaragoza, 1994; Barker and Brown, 1994; Horn and
Wagner, 2004). C. roenbergensis, the host of the distantly related
Mimivirus C. roenbergensis virus, also feeds on bacteria and viruses
(Fischer et al., 2010; Massana et al., 2007). Therefore, giant viruses
infecting phagotrophic protists live sympatrically within their host
cell, in a community including other viruses and microorganisms,
which promotes gene exchange (Boyer et al., 2009; Raoult and Boyer,
2010; Moliner et al., 2010). A Marseillevirus gene was the closest
match for 4 genes from P. salinus (Philippe et al., 2013) and for 19
genes from P. sibericum (Legendre et al., 2014), two other giant
viruses that multiply in amoeba. Among the Megavirales, P. sibericum
found the greatest number of best matches in the family Marseille-
viridae and appeared most closely related to marseilleviruses
(Legendre et al., 2014). In addition, BLAST searches (using a threshold
e-valueo1e-5 and amino acid identity and coverage 430% and 70%,
respectively) of Mimivirus, P. salinus and P. sibericum using the gene
repertoires from all known marseilleviruses identiﬁed genes speciﬁ-
cally shared between one of these viruses and marseilleviruses
(Fig. 4). Notably, a predicted gene from the Insectomime virus
matched best with an ankyrin repeat-containing gene from Acyrtho-
siphon pisum, an insect from the family Aphiphidae, suggesting that
the presence of giant viruses and/or amoebae in insects might
promote lateral gene transfer events (Boughalmi et al., 2013a). The
putative origins of the Marseillevirus genes tend to be associated
with speciﬁc functions (Boyer et al., 2009). For instance, bacterial or
bacteriophage origin was inferred for many genes encoding proteins
involved in defense and repair; eukaryotic and bacterial origins were
inferred for genes involved in metabolic functions, and eukaryotic
origins were inferred for genes encoding signal transduction proteins.
Furthermore, nucleotide or protein BLAST searches on the NCBI
GenBank sequence databases did not yield signiﬁcant hits for
approximately two thirds of the predicted genes in marseilleviruses
(Boyer et al., 2010a, 2009; Aherﬁ et al., 2013, 2014) (Table 2).
Amongst these genes, the majority are family ORFans, deﬁned as
ORFs with no detectable homolog outside the family Marseilleviridae
(Boyer et al., 2010a).
Similar to Mimivirus, the Marseillevirus virions contain both
proteins and messenger RNAs (Raoult et al., 2004; Renesto et al.,
2006). The 49 proteins identiﬁed by proteomics in Marseillevirus
virions included notably the capsid protein and other proteins
conserved among the megaviruses, proteins that might be trans-
lated during the early stage of the replicative cycle, or products of
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ORFans (Boyer et al., 2009). Approximately 20% and 40% of these
proteins were found to be glycosylated and/or phosphorylated,
respectively. The viral gene transcripts observed in the puriﬁed
Marseillevirus virions included some conserved among the Mega-
virales members and that encode the capsid protein, the B family
DNA polymerase and a VV D6R helicase, which is a SWI2/SNF2
ATPase (De Souza et al., 2010).
The family Marseilleviridae encompasses three distinct lineages
(Fig. 3) based on phylogenetic reconstructions using various core
genes including the B family DNA polymerase, the VV-A18
helicase, the D5 family ATPase, the Very Late transcription Factor
2B and the major capsid protein (Aherﬁ et al., 2013, 2014;
Boughalmi et al., 2013a). Lineage A comprises the founding
members Marseillevirus, Senegalvirus, Cannes8 virus and Fontaine
Saint-Charles virus; lineage B contains only Lausannevirus; lineage
C comprises the two most recently discovered marseilleviruses:
Tunisvirus, the founding member of this lineage, and Insectomime
virus; both these viruses were isolated from samples collected in
Tunisia (Aherﬁ et al., 2014). Marseilleviruses from lineages B
and C are clustered together. Consistent with this phylogenetic
Fig. 5. Comparison of the orthologous genes in marseilleviruses from the same or different lineages based on the proportion of bona ﬁde orthologs relative to the gene
repertoire (a) or the mean amino acid identity between pairs of orthologs (b). Bona ﬁde orthologous genes shared by Marseillevirus genomes are deﬁned using the reciprocal
best hits strategy (Lechner et al., 2011), with 1e-3, 30% and 70% used as the signiﬁcance thresholds for the BLASTp e-value, identity and coverage of amino acid sequences,
respectively.
Fig. 4. Network for gene contents of marseilleviruses compared to other amoebal giant viruses including Mimivirus, Pandoravirus salinus and Pithovirus sibericum. The dots
represent genes shared by marseilleviruses on one hand and Acanthamoeba polyphaga mimivirus, P. salinus and P. sibericum, on the other hand. The colors indicate:
Marseillevirus for dark blue; Cannes8 virus for light blue; Lausannevirus for dark green; Tunisvirus for light green; Senegalvirus for orange; Insectomime virus for red. The
dots in the outer part of the ﬁgure represent genes shared speciﬁcally by the marseilleviruses and A. polyphaga mimivirus, located in front of “Mi”; genes shared speciﬁcally
by the marseilleviruses and P. salinus, located in front of “Pa”; and genes shared speciﬁcally by the marseilleviruses and P. sibericum, located in front of “Pi”.
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classiﬁcation, bona ﬁde orthologs represented signiﬁcantly higher
proportions of the gene repertoires in members within a lineage
(72–79%) compared to members from different lineages (52–61%)
(Fig. 5a). For instance, the Cannes8 virus shares 380 bona ﬁde
orthologs with Marseillevirus compared to 272 with Lausanne-
virus. In addition, the mean amino acid identity between orthologs
from marseilleviruses within a lineage was observed to be E97%,
whereas the identity between orthologs from members of differ-
ent lineages ranged between 57% and 72% (Fig. 5b). In addition to
the nine NCLDV core genes of class I, which are conserved in all
Megavirales genomes (VV D5-type ATPase, family B DNA polymer-
ase, VV A32 virion packaging ATPase, VV A18 helicase, major
capsid protein (D13), thiol oxidoreductase, VV D6/D11-like heli-
case, serine/threonine protein kinase, and Very Late Transcription
Factor (VLTF2)), a core genome was estimated to contain 233
predicted orthologous proteins shared by the 6 marseilleviruses
whose genomes were available (Aherﬁ et al., 2014). With each new
Marseillevirus genome annotation, the size of this core genome
decreased. In contrast, the pan-genome size of the family Marseil-
leviridae showed an increasing trend with each new genome
annotation and was estimated to encompass 608 genes using the
BLASTclust program and sequence identity and coverage above
30% and 50%, respectively (Aherﬁ et al., 2014).
Unlike mimiviruses, the Marseillevirus genomes lack tRNA and
amino-acyl-tRNA synthetases. Codon and amino acid usages are
very similar among the studied marseilleviruses, although some
differences can be observed between members from different
lineages (Fig. 6). Marseilleviruses and A. castellanii differ in codon
usage (Fig. 7), but these differences are lower than between
mimiviruses, whose genomes are more AT-rich (AþT-content is
E75%) compared to marseilleviruses, and A. castellanii. In addi-
tion, codon usage differs considerably between Marseillevirus and
Mimivirus (Fig. 7). The two most used codons in marseilleviruses
are GAA (5.3–5.6%) and AAA (4.8–5.1%), which encode glutamic
acid and lysine, respectively. These codons are the 5th and 1st
most frequently used codons in Mimivirus, respectively, and the
15th and 51st most frequently used codons in A. castellanii,
respectively. In addition, the most frequently used amino acids
in marseilleviruses are aspartic acid, leucine, lysine and serine,
whereas isoleucine, lysine, asparagine and leucine are the most
frequently used in Mimivirus and valine, alanine, leucine and
glycine are the most frequently used in A.castellanii.
Marseilleviruses in humans
During the past decade, metagenomic analyses revealed the
presence of sequences related to amoebal giant viruses in
environmental samples, mostly marine and freshwater (Ghedin
and Claverie, 2005; Kristensen et al., 2010; Colson et al., 2013e).
Fig. 6. Codon (a) and amino acid (b) usage in marseilleviruses, Mimivirus and Acanthamoeba castellanii. Codon and amino acid usages are calculated using the CAIcal server
(http://genomes.urv.es/CAIcal/) (Puigbo et al., 2008). The data are expressed as percentages and reﬂect the contribution of each codon or amino acid.
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In addition, there is increasing evidence that these giant viruses
are present in humans and comprise a “megavirome” (Colson et
al., 2013b). Mimiviruses were recently isolated from two pneumo-
nia patients, and serological and experimental studies revealed
that these viruses could cause pneumonia (Saadi et al., 2013a,
2013b; Colson et al., 2013c). In addition, Mimivirus replication was
observed in human macrophages and blood mononuclear cells
(Ghigo et al., 2008; Silva et al., 2013). Regarding marseilleviruses,
Senegalvirus was isolated from the stools of an asymptomatic
Senegalese young man (Lagier et al., 2012), then the giant blood
Marseillevirus was detected by metagenomics in the serum of a
symptom-free blood donor, and this virus could replicate once in
T lymphocytes (Popgeorgiev et al., 2013a). The giant blood
Marseillevirus was subsequently observed in the blood of a blood
donor by electron microscopy and by PCR targeting a region of
ORF 152, which encodes a helicase that is conserved among the
marseilleviruses. In addition, the blood donor harbored antibodies
speciﬁc to this virus, as assessed by 2-dimensional Western
blotting analysis using polyclonal antibodies. Subsequently, PCR,
ﬂuorescence in situ hybridization and electron microscopic ana-
lyses performed on inoculated Jurkat T cells indicated the presence
of the giant virus. Among 20 serum samples collected from blood
donors in Marseille (mean age 47 years; age range, 22–65 years),
15% tested positive for IgG against puriﬁed Marseillevirus using
ELISA, 10% tested positive by PCR and 5% (one sample) tested
positive in both tests. In another study by our group, IgG
antibodies against Marseillevirus were detected in 13% of 174
blood donors (mean age, 46 years; age range, 21–70 years) from
Marseille and Montpellier, France (Popgeorgiev et al., 2013b). In
addition, 4% of these blood donors were PCR-positive, and 2%
were concurrently IgG- and PCR-positive. Compared to these
blood donors, seroprevalence of Marseillevirus was 23% in 22
thalassemia patients (mean age, 24 years; age range, 8–49
years) who received repeated blood transfusions, and Marseille-
virus DNA was detected in 9% of these thalassemia patients
(9%) (Popgeorgiev et al., 2013b). In a study performed by
another group on 517 asymptomatic young adults (aged from 18
to 26 years) sampled during winter 2006–2007 at the
Army recruitment center of Lausanne, Switzerland, the seropre-
valence of Lausannevirus (examined by micro-immunoﬂuores-
cence) was 2.5% (Mueller et al., 2013). Seropositivity to
Criblamydia sequanensis, an amoeba-resistant bacterium from
water environment, and frequent outdoor sport practice were
signiﬁcantly associated with seropositivity to Lausannevirus.
Together, these data suggest that humans are frequently in contact
with marseilleviruses and that marseilleviruses are present in the
blood and may be bloodborne, posing a public health concern
(Goodman, 2013).
Although marseilleviruses were almost only observed in
symptom-free individuals until now, Marseillevirus antigens and
DNA were also observed by immunohistochemistry and FISH
analyses in the lymph node of an afebrile 11-month-old child
with adenitis of unknown etiology (Popgeorgiev et al., 2013c).
Immunoreactivity was observed in the cytoplasm of macrophages
Fig. 7. Comparison of codon usage in Marseillevirus versus Mimivirus (a), Marseillevirus versus Acanthamoeba castellanii (b), and Marseillevirus versus Homo sapiens (c), and
comparison of relative synonymous codon usages in Marseillevirus and Mimivirus (d). Codon usage and relative synonymous codon usage (RSCU) are calculated using the
CAIcal server (http://genomes.urv.es/CAIcal/) (Puigbo et al., 2008). Codon usage is expressed as a percentage and reﬂects the contribution of each codon. RSCU examines the
frequency of use of a particular codon relative to the expected frequency of usage of this codon in the absence of codon usage bias (Puigbo et al., 2008). Codons GAA and AAA,
the two most used in marseilleviruses, are indicated in plots a, b and c. Codons showing differences Z1.0 between RSCU of Marseillevirus and Mimivirus are indicated in red
on plot d.
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from the lymph node. In addition, the patient's serum sample
contained IgG/IgM speciﬁc to puriﬁed Marseillevirus (revealed
by ELISA and 2-dimensional Western blotting analyses) and was
PCR-positive for Marseillevirus DNA (Popgeorgiev et al., 2013c).
Reactivity to 22 Marseillevirus antigens, including strong reactivity
to the major capsid protein, was detected. This child did not
develop any pathology one year after exhibiting lymphadenopa-
thy; an abnormal response to BCG injection (BCGitis) was noted in
his history. These data suggest that Marseillevirus infections may
remain subclinical in immunocompetent individuals but may
become symptomatic in case of an immature or defective immune
response and may cause adenitis.
Conclusion
The newly recognized viral family Marseilleviridae (103 viral
families are currently recognized by the ICTV (http://www.ictvon
line.org/)) has emerged and expanded during the past ﬁve years.
This family currently contains 8 members including 6 whose
genomes have been fully sequenced and annotated. These giant
viruses were isolated from samples collected in three countries on
two continents and from various environmental samples including
water, insects and humans. Their double-stranded DNA genomes
are E0.35–0.39 Mb pairs in length and encode E450–490 genes,
including a high proportion of family ORFans; the Marseillevirus
pangenome was estimated to comprise E600 genes (Table 2). The
family Marseilleviridae is classiﬁed into three lineages. The mar-
seilleviruses live sympatrically in Acanthamoeba with other giant
viruses, virophages, bacteria and archaea and consequently can
exchange genes with these organisms and with their host, which
is likely a determinant of their high level of genomic mosaicism.
The signiﬁcant prevalence of Marseillevirus antibodies in asymp-
tomatic individuals indicates that humans are commonly exposed
to marseilleviruses, and a major issue to be investigated regarding
the family Marseilleviridae is its association to humans and
putative involvement in clinical symptoms, including adenitis.
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